Summary A system was designed to allow imaging of control and drug treated multicellular spheroids with a high frequency backscatter ultrasound microscope. It allowed imaging of individual spheroids under good growth conditions. Since little data were available on cellular toxicity of ultrasound at these high frequencies (80 MHz), studies were undertaken to evaluate effects on cell survival, using a colony forming assay. No toxicity was observed on cell monolayers subjected to pulsed ultrasound at the intensities used for imaging experiments. Spheroids were also subjected to pulsed ultrasound and no growth delay was observed when exposed spheroids were compared with mock-exposed spheroids. Imaging studies were performed and pictures of untreated spheroids were obtained in which the necrotic and viable regions are clearly distinguishable. When the hypoxic cell cytotoxin 1-methyl-2-nitroimidazole (IN02) was added to the spheroid, dramatic changes were observed in the backscatter signal. The interior viable cells of the spheroid were selectively affected. Changes in the backscatter signal were also observed when the reduction product 1-methyl-2-nitrosoimidazole (INO) was added to spheroids. With INO however, the changes were located at the periphery of the spheroid, presumably due to the high reactivity of INO which limits diffusion of the drug into the spheroid. The present work demonstrates the potential usefulness of ultrasound backscatter microscopy in following the action of selected drugs in this in vitro tumour model.
Clinical ultrasonography (at frequencies of approximately 2-10 MHz) can reveal structures at depths up to 20 cm in intact specimens by using a backscatter technique (pulse echo). At these frequencies, ultrasound systems provide resolution of the order of 1-3 mm. By extending the powerful pulse echo technique to much higher frequencies, it is possible to obtain microscopic resolution. Such a system using frequencies in the 80-100 MHz range has recently been developed . The major limitation of this technique in the past has been the lack of transducers with sufficient bandwidth and sensitivity to detect very low backscatter signals from biological specimens. Recently, the technology for these transducers has been developed ) and used to provide images with a resolution of 20 gm at a depth of up to 4 mm. Ultrasound biomicroscopy (UBM) has already been applied to image human eyes in vivo (Pavlin et al., 1991) as well as living multicellular spheroids . Spheroids are aggregates of tumour cells which serve as useful in vitro models of tumour micro regions and early avascular tumour growth. Spheroids develop a central region of necrosis surrounded by areas of hypoxic and aerobic cells in the outer rim (Sutherland, 1988) . Each of these regions may exhibit a particular behaviour upon treatment with various therapeutic modalities. Techniques such as nuclear magnetic resonance (NMR) (Sillerud et al., 1990) and electron spin resonance (ESR) (Dobrucki et al., 1990 ) microscopy are now also available to image spheroids in a noninvasive manner, and are beginning to be used to follow the action of drugs (Dobrucki et al., 1991) . Imaging spheroids with such non-invasive techniques opens new possibilities for testing drugs, as one can study the penetration, as well as cellular structural changes in a dynamic fashion.
Good candidates for this type of study are the nitroimidazoles which can act as hypoxic cell radiosensitisers as well as hypoxic cell cytotoxins. The selective toxicity of nitroimidazoles towards hypoxic cells is believed to result from the enhanced reduction of the parent compound at low oxygen tension. One or more of the reduction products are thought to be responsible for the toxicity (Rauth, 1986) . The nitroso reduction product (INO) of 1-methyl-2-nitroimidazole (IN02) has been synthesised and is toxic to hypoxic and aerobic cells at micromolar concentrations (Noss et (Noss et al., 1989) . More detailed investigations have revealed that glutathione (GSH) (Noss et al., 1989 ; Berube et al., 1991) and protein sulphydryls (Pr-SH) (Berube et al., 1991) (Berube et al., 1991) . These cellular effects (Pr-SH depletion and increased calcium) could disturb cytoskeletal organisation in the cell. In support of this hypothesis, blebbing at the surface of plasma membranes was observed shortly after cell exposure to toxic INO concentrations (Berube et al., 1991) . Depletion of cellular sulphydryls and subsequent calcium influx has been likened to an endogenous cell death mechanism (apoptosis) thought to occur naturally in some renewing tissue and after treatment of cells with certain drugs (Wyllie, 1987) .
In this paper, cellular changes caused by the hypoxic cell cytotoxin 1-methyl-2-nitroimidazole (IN02) and its reduction product 1-methyl-2-nitrosoimidazole (INO) were followed by high frequency ultrasound microscopy after determining the cellular toxicity of the ultrasound imaging procedure alone. The present results are the first ultrasound images of the effects of drugs on spheroids obtained non-invasively, though ESR microscopy has already been used (Dobrucki et (FCS) and kept at 37°C in a humidified atmosphere (5% C02, 95% air). Colony forming ability assays were carried out as previously described (Noss et al., 1988) .
Spheroid culture
Spheroids were grown by three techniques (1) spinner culture, (2) chamber culture, and (3) multiwell culture. Spinner culture. The procedure of Luk and Sutherland (1986) was followed with small modifications. Briefly, on day 0, three 100 mm Lab Tek (Nunc Inc. Naperville, IL) microbiological petri dishes were inoculated with 1.5 x 105 exponentially-growing EMT6/To cells per dish in 15 ml of a-MEM plus 10% FCS. The dishes were then maintained undisturbed for 4 days at 37°C in a humidified atmosphere of 5% CO2 in air. At this time, approximately 5000 spheroids were harvested and added to the spinner flask (Johns Scientific, Toronto) in 100 ml of a-MEM with 10% FCS and maintained at 37°C. The spinning rate was 110 r.p.m. Fortyeight hours after the spheroids were added the flask was fed by adding 100 ml of fresh medium. After another 48 h, a regular 24 h feeding schedule was followed by performing an extensive medium change. The medium was changed by allowing the spheroids to settle to the bottom of the spinner and the medium removed until about 20 ml remained. Multiwell culture. Attempts to image spheroids in chamber culture resulted in a small but undesirable degree of spheroid movement during imaging. To improve spheroid stability during imaging, a second arrangement was used. A volume of 2.1 ml of a 0.5% agarose in a-MEM without FCS solution was added to each well of a 24-multiwell dish (Falcon, NJ). A plastic mould was applied and the solution was allowed to solidify. These wells were also capable of supporting normal spheroid growth. In all cases, the growth of spheroids was assessed by using an inverted phase microscope mounted with a micrometer. Two diameters at 900 were taken and the geometric mean calculated. Measurements were taken daily.
Ultrasound microscopy
All imaging was done using the multiwell plate geometry because of increased spheroid stability during the imaging process. Spheroids were routinely grown in spinner culture. By day 12, spheroids had grown to approximately 600-700 ytm in diameter and showed a well defined necrotic centre. For imaging, 10-20 spheroids were transferred to a 24-multiwell dish with one spheroid per well. Each spheroid was then covered with 1 ml of ax-MEM (Hepes buffered, pH 7.4) supplemented with 10% FCS. The dish was transferred to the incubator containing the ultrasound microscope and the transducer was immersed in the well containing the spheroid of interest as shown in Figure 1 . The system was maintained at 37°C. Drugs could be added directly to the well containing the spheroid.
UBM images Images were taken by performing a C-scan on spheroids. This technique has been described in detail elsewhere (Sherar & Foster, 1988) . Briefly, the transducer is moved vertically to bring its focus to the desired depth in the spheroid ( Figure  2a) . A short, 130 V,100 MHz electrical pulse is generated by an Avtech AVB2-C pulse generator (Avtech, Ottawa, Ont.) and applied to the transducer. The electrical pulse is transformed by the transducer into a short, 80 MHz ultrasound pulse which is transmitted through the coupling medium, a-MEM plus 10% FCS, to the spheroid. Ultrasound is scattered back from cellular structures and detected by the same transducer at a time corresponding to the depth of the scatter. This signal is amplified and demodulated by a 120 MHz logarithmic amplifier (AD640) (Analog Devices, Norwood, MA). The peak amplitude of the demodulated signal is measured by the sample and hold unit, model AVS-101 (Avtech, Ottawa, Ont.) in a time window corresponding to the depth of the image plane ( Figure 2b ). The measured value, which corresponds to 1 pixel in the image, is digitised and displayed as a brightness value in the image. A C-scan is then performed by scanning the spheroid in two dimensions across a plane. The image plane is 1024 x 1024 ,um. A complete image is obtained by sampling every 4 sm in the x direction (256 times) then moving 4 Am in the y direction and sampling in the -x direction (the y movement is repeated 256 times). The motion is accomplished by piezoelectric Inchworm positioners (Burleigh Instruments, Rochester, NY) which have an absolute accuracy of ± 1 ,sm. Generally, images were taken at an equatorial plane of the spheroid which was determined by focussing the microscope at the depth of maximum spheroid diameter. A complete scan required 8 min. Table I and, as can be seen, there is no significant difference in the number of colonies observed in the control and exposed monolayers. Possible effects of high frequency ultrasound on spheroids were also assessed. The growth of sham-exposed EMT6 spheroids was compared with spheroids exposed to ultrasound. Each spheroid was scanned once in an image plane near the centre of the spheroid and replaced in the incubator. As can be seen in Figure 4 no growth delay was observed.
Images of untreated spheroids
Images of untreated multicellular spheroids using ultrasound microscopy show an internal structure very similar to the one observed with normal light microscopy ( Figure 5 and Figure 5 where the average amplitude of a 10 pixel wide strip is plotted as a function of x position in the spheroid. This averaging reduces the noise in the image. A region (-120pm) (Figure 7) . The brightening was first observed 15-20 min after addition of INO and reached a maximum amplitude after 1 -2 h.
The brightening was limited to a rim of about 50 ym thick which corresponds to the first 2-3 cell layers suggesting limited drug penetration in the spheroid. Histology performed on the same spheroid at 4 h after the drug was added, revealed that the outer rim of the spheroid contained shrunken cells with condensed chromatin characteristic of dead cells (Figure 8a and b) . This condensed chromatin is similar to the chromatin structure of the necrotic core and is probably responsible for the higher backscatter observed. Figure 7 also shows quantitation of the amplitude of the ultrasound backscatter signal. As can be seen the rim of the spheroid exhibits up to 50% increase in amplitude when compared to a control over a similar period of time. When single cell survival was performed using the whole spheroid population, only a small decrease (30%) (Table I) in the survival of cells from totally disaggregated spheroids was observed suggesting that only a small proportion of the cells are affected by INO due to its poor penetration. The spheroid in Figure 7 also has attached to it a small satellite spheroid (reorientation of the spheroid resulted from addition of the drug which disturbs the system). With time the small satellite became bright throughout suggesting no diffusion limitation of the drug over the small dimensions of the satellite.
Images of drug action on spheroids: IN02
It is believed that INO may be the reduction product responsible for the toxicity observed with l-methyl-2-nitroimidazole (IN02) under hypoxic conditions. Therefore, it was expected that IN02 could diffuse into the spheroids and reach the hypoxic cells where it would be reduced to INO or other toxic products. A 5 mM dose of IN02 resulted in brightening of the inner part of the spheroid corresponding to an anticipated hypoxic region (Figure 9 ) where toxicity of IN02 is expected to occur. This effect was observed after 3-4 h post IN02 treatment, in good agreement with the time required to observe toxicity in experiments involving single cell suspensions. Histology also demonstrated a clear rim located around the necrotic centre showing hypoxic cells affected by IN02 (Figure lOa and b) . These cells are clearly distinguishable from the necrotic area and have the same characteristics, i.e. are shrunken and exhibit condensed and collapsed chromatin as the rim in INO treated spheroids (Figure 8a and b) . The amplitude pattern revealed a dramatic increase in the region located at approximately 180 ftm from the viable rim which is in good agreement with the localisation of radiobiologically hypoxic cells as shown by the extensive work of others (reviewed in Sutherland, 1988) . Some increase in amplitude was also observed in the outermost aerobic portion of the rim with time ( Figure 9 ).
Discussion
No cellular toxicity due to the ultrasound imaging technique was seen as assessed by colony forming ability (Table I) spheroid growth delay (Figure 4 ). Two main ultrasound phenomena are thought to give rise to cell damage; temperature elevation, caused by ultrasonic absorption and non-thermal effects such as cavitation. Both of these effects are believed to be important at frequencies in the 1-5 MHz range, at peak intensities in the 100 W/cm2 region (Clarke & Hill, 1970) . The power developed at the focus of the ultrasound beam used in the present system and the temperature increase resulting from this power have been calculated (Sherar, 1990 (Acker, 1984) . In particular, the partial pressure of oxygen inside and outside the spheroid has been shown to be dependent on diffusion and convection conditions in the medium (Mueller-Klieser, 1984 The spheroid was fixed, stained (haematoxilin and eosin) and sectioned after 6 h and photographed with an optical microscope at 250 x magnification. b, 400 x magnification. Franko et al., 1984; Mueller-Klieser, 1984) . Nevertheless, the fact that good spheroid growth was obtained in the imaging geometry ( Figure 3) suggests that despite the presence of diffusion gradients the cellular physiology of the spheroids was maintained during the imaging procedure. INO at 20 jLM, a non-toxic concentration towards single cell suspensions, had little effect on the ultrasound image. This was confirmed by conventional optical imaging of sectioned spheroids (Berube & Rauth, unpublished data, Sept. 1990 ).
An amount of 20 gM INO is known to deplete GSH and Pr-SH in cells (Berube et al., 1991 (Berube et al., 1991) . Therefore the possibility was tested that changes in the ultrasound intensity could result from influx of Ca2+ when spheroids are treated with INO Ca2" free medium for 4-6h exhibited an abnormal morphology (Berube & Rauth, unpublished data, Sept. 1990) . Although subsequent steps are probably required to kill the cells, the non-physiological increase in calcium following INO treatment may well disturb cytoskeletal proteins and lead to chromatin condensation and result in dramatic changes in the acoustic properties of these cells (Berube et al., 1991) .
Experiments with IN02, showed that it changed the acoustical properties of spheroids. The depth at which these changes occurred in the spheroid (approx. 180 pm) was in good agreement with the predicted depth at which toxicity should occur. This region is the radiobiologically hypoxic fraction of cells where reduction of IN02 is believed to occur. Furthermore, the kinetics of the changes are also in good agreement with the time required to observe significant cell killing in single cell experiments using misonidazole (Hall & Roizin-Towle, 1975) . This suggests that the limiting factor is not the diffusion time but rather the time required for the drug to be metabolised. It has been assumed that the ultrasound does not alter the kinetics of drug uptake and diffusion in the present system but this has not been studied in detail. Some brightening of the outer rim of the spheroid was also seen in Figure 9 but most of this backscatter was present at all time points. This enhanced backscatter at the surface of the spheroid, in comparison with the control in Figure 5 is not explained but was typical of day-to-day variation in individual control spheroids. This day-to-day variation was also reflected in the viable cell rim thickness of the untreated spheroid as seen in Figures 5 and 9 . A striking similarity was observed between the interior cells affected by IN02 and the exterior cells affected by INO when observed both by ultrasound imaging and the conventional optical microscope. This reinforces the concept that INO may be the proximal reduction product responsible for IN02 toxicity.
In summary the cellular effects of high frequency ultrasound microscopy have been investigated. No toxicity, as assayed by colony forming ability and spheroid growth delay, was observed. Ultrasound microscopy is basically a noninvasive imaging method that provides information on the mechanical micro structure of tissue. One of its limitations is that it will not detect cellular changes that occur before the onset of structural reorganisation. However, as the results of this paper show, ultrasound microscopy appears to be a sensitive tool with which to observe structural alteration of cells following the application of cytotoxic drugs such as INO and IN02 . The changes observed with the ultrasound microscope were well-correlated with photomicrographs obtained using conventional optical microscopy, supporting the idea that ultrasound microscopy can be used as a noninvasive approach to study the kinetics of drug action. The length of time required to make the C-scan images shown here (8 min) is another limiting factor. New methods utilising the B-mode of ultrasound imaging in which image data is collected on a line-by-line basis instead of a point-by-point basis, show great promise to eliminate this problem. A scanner based on this principle has been developed by and tested by Pavlin et al. (1991) to image small tumours of the anterior segment of the eye in humans. The time per image in this system is 0.2 s. This type of approach could potentially be used to study drug effects on superficial tumours in animals and humans.
